The abundance of nifH, nirS, and nirK gene fragments involved in nitrogen (N) fixation and denitrification in thinned second-growth Douglas-fir (Pseudotsuga menziesii subsp. menziesii [Mirb.] Franco) forest soil was investigated by using quantitative real-time PCR. Prokaryotic N cycling is an important aspect of N availability in forest soil. The abundance of universal nifH, Azotobacter sp.-specific nifH (nifH-g1), nirS, and nirK gene fragments in unthinned control and 30, 90, and 100% thinning treatments were compared at two long-term research sites on Vancouver Island, Canada. The soil was analyzed for organic matter (OM), total carbon (C), total N, NH 4 -N, NO 3 -N, and phosphorus (P). The soil horizon accounted for the greatest variation in nutrient status, followed by the site location. The 30% thinning treatment was associated with significantly greater nifH-g1 abundance than the control treatment in one site; at the same site, nirS in the mineral soil horizon was significantly reduced by thinning. The abundance of nirS genes significantly correlated with the abundance of nirK genes. In addition, significant correlations were observed between nifH-g1 abundance and C and N in the organic horizon and between nirS and nirK and N in the mineral horizon. Overall, no clear influence of tree thinning on nifH, nirS, and nirK was observed. However, soil OM, C, and N were found to significantly influence N-cycling gene abundance.
Nitrogen (N) is a limiting nutrient in most Douglas-fir (Pseudotsuga menziesii subsp. menziesii [Mirb.] Franco) forest ecosystems. Understanding the links between forest management and forest ecosystem function, including the cycling of N, is of paramount importance to researchers and forest managers. Management practices such as thinning and clear-cutting can alter the soil microbial community, potentially altering the rate and amount of net N addition or loss to the forest floor. Clear-cutting alters the functional diversity of soil microorganisms and alters soil characteristics (temperature, pH, moisture, and nutrient status). Thinning and clear-cutting can increase nitrification, denitrification, and leaching of N in soil, all of which can reduce the available N (2, 13, 22, 41, 47) . Clearcutting in Douglas-fir forests can also remove associated gene pools of diazotrophic microorganisms (46) . It is not yet well understood how clear-cutting or thinning affects the abundance of N-cycling microorganisms. We focus on two populations of N-cycling microorganisms: diazotrophs, which biologically fix N 2 gas to ammonia, and denitrifiers, which reduce N oxides and result in the release of N-containing gasses.
Fixation of N by diazotrophic microorganisms is the primary source of N addition to undisturbed, unfertilized forest soil ecosystems (9, 39) . The diazotrophic community is most often studied in situ using the marker gene for nitrogenase reductase (nifH); the diversity and abundance of diazotrophic microorganisms as determined by nifH characterization may be used as an indicator of overall soil ecological health. Diazotrophs can be symbiotic, associated (e.g., with a specific plant or fungal biomass), or free-living in the soil. Endophytic diazotrophs fix ϳ100 times more N than free-living strains (9) . Free-living diazotrophs such as Azotobacter vinelandii and A. chroococcum may fix between 0 and 60 kg of N ha Ϫ1 year Ϫ1 (9) and, because of a relative dearth of endophytic interactions in coniferous forests, free-living diazotrophs can be an important source of N in these soils. Cultural studies have shown that free-living diazotrophs improve the establishment of mycorrhizae and conifer seedlings, with relative activity fluctuating according to season, site aspect, and moisture conditions (11) . Fixed-N inputs act as a catalyst for interlinked N-cycling events, e.g., fungal decomposition of woody debris and organic material (28) . Nitrogen fixation in temperate forest soil is directly related to the amounts of soil organic matter (17) . However, it is unclear how nifH gene abundance relates to the amount of total carbon (C) and organic matter (OM) and N in forest soil. It is also unknown how common silvicultural practices (e.g., clear-cutting and thinning) affect diazotrophic abundance or how diazotrophic abundance may in turn affect cycling of soil nutrients.
The reduction of inorganic N oxides by denitrifying microorganisms can cause N loss from forest soil ecosystems, as well as the release of greenhouse gases into the atmosphere. The loss of N from temperate forest soil as N 2 O has been reported as ranging from 0.2 to 7.0 kg ha Ϫ1 year Ϫ1 , depending largely on soil nitrogen status, soil moisture, and temperature (57) . Robertson and Tiedje (44) state that soil N loss in coniferous ecosystems due to denitrification is regulated by nitrification potential (e.g., nitrate levels) in the soil, and while not considered a major N loss component following clear-cutting, this loss is generally of the same magnitude as the N loss due to leaching. Denitrification is primarily studied using molecular approaches by monitoring several genes in the denitrification pathway: cytochrome cd 1 -containing nitrite reductase (nirS), Cu-containing nitrite reductase (nirK), nitrous oxide reductase (nosZ), and membrane-bound nitrate reductase A (narG). The nirS and nirK genes were the denitrification genes used in the present study. Studies demonstrating (i) that the nirS gene is more diverse than nirK in soil and (ii) the domination of the nirK population by a relatively reduced number of clones have been published (42, 45) . However, recent meta-analysis of studies involving nirK and nirS has shown that both communities tend to be phylogenetically clustered in undisturbed soils (23) .
To compare the effects of silvicultural practices on the abundance of diazotrophs and denitrifiers, we used quantitative real-time PCR (qPCR) assays to quantify nifH, nirS, and nirK genes in soil. This method can be used to quantify target sequences in environmental samples. Several qPCR protocols for the analysis of functional gene abundance in soil have been developed for N-cycling genes, including nifH, ammonia monooxygenase (amoA), nirK, nirS, nosZ, and narG (21, 24, 31, 38, 43, 54, 55) . The objectives of the present study were (i) to quantify nifH, nirS, and nirK; (ii) to compare the effects of thinning and clear-cutting in Douglas-fir stands on the abundance of total diazotrophs, free-living diazotrophs, and denitrifiers; and (iii) to elucidate the relationships between Ncycling genes and nutrient abundance in forest soils.
MATERIALS AND METHODS
Field site and soil sampling. Field sampling for the present study was conducted in long-term levels-of-growing-stock (LOGS) experimental installations located on Vancouver Island, British Columbia, Canada. The periodically thinned second-growth Douglas-fir plantation near Shawnigan Lake, British Columbia (Shawnigan Lake LOGS site; site A), and a nearby clear-cut plot were sampled on 25 (1, 14) provide more detailed information about the sites used in the present study.
At both sites, sampling of the surface organic horizon (LFH; 0 to 2 cm) and the mineral horizon (Ae and Bh; 2 to 10 cm) took place in 0.081-ha treatment plots organized in a random complete-block design, including thinned (30 and 90%) and unthinned control plots (see Table 1 for the control tree density). Sampling in nearby clear-cut plots removed 0 to 10 cm of soil, primarily mineral soil with some organic material interspersed. The clear-cut plots generally contained a cover of coarse woody debris overlaying a horizon of highly disturbed soil. Due to the removal of the majority of the organic horizon during the clear-cut process, soil collected in these plots was considered to be mineral soil. Soil samples were collected from the organic soil horizon and the mineral horizon separately, with nine ϳ200-ml samples collected in a 3-by-3 grid throughout each plot. The samples were pooled by plot, stones and large woody debris were removed, and the samples were homogenized. The samples were air dried in a laminar flow hood for 3 days. Oven drying was not used to prevent biochemical alterations to the soil organic matter and DNA. Three subsamples of 0.5 g were removed from the pooled soil from each plot for DNA extraction. The remainder was analyzed for particle size composition, organic matter (OM), exchangeable cations, effective cation exchange capacity (CEC), total C, total N, pH, ammonium (NH 4 -N), nitrate (NO 3 -N), and available phosphorus (P) by the British Columbia Ministry of Forest and Range Analytical Laboratory (Victoria, British Columbia, Canada). A summary of the soil nutrient values is provided in Table 2 .
Soil DNA extraction. DNA was extracted from dried soil by using the MoBio UltraClean soil DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA) with modification to the manufacturer's protocol (30) to increase extraction yields and reduce organic PCR inhibitors (e.g., humic substances) commonly found in forest soil. Briefly, 0.125 g of the nuclease inhibitor aurintricarboxylic acid and 50 l of 200 mM AlNH 4 (SO4) 2 , a chemical flocculent used to remove coextracted humic substances, were added to each well prior to bead beating. DNA was stored at Ϫ20°C prior to PCR.
Bacterial cultures. Cultures of dinitrogen-fixing and denitrifier bacteria were used for standard curve construction for the universal nifH (nifH-universal), Azotobacter sp.-specific nifH (nifH-g1), and nirK genes, respectively. The standard curve for nirS quantification was constructed by using pre-extracted genomic DNA. Table 3 ). The nirK primers used in the present study lack the degenerate nucleotide coding of the nirS primers. They were originally developed through the alignment of available nirK sequences, using Pseudomonas chlororaphis as a positive control (8) . These primers are therefore not considered to be strain or genus specific (Reál Roy, personal communication). In the present study, the nirK and nirS primers are regarded as having roughly comparable levels of specificity. Reactions took place in a LightCycler 1.2 (Roche Applied Sciences, Indianapolis, IN). The primer sequences and characteristics are listed in Table 3 . The nifH-universal qPCR used a nested protocol, whereas the nifH-g1, nirS, and nirK qPCRs used a single amplification step.
The first (non-qPCR) nifH-universal amplifications in the nested reaction took place under the following conditions: 1ϫ reaction buffer (Bioline, Ltd., London, United Kingdom), 2. The nifH-g1 qPCR initial denaturation step was 6 min at 94°C, and 40 amplification cycles were performed for 11 s at 94°C and 15 s at 92°C (denaturation), 8 s at 58°C and 30 s at 60°C (annealing), and 25 s at 72°C (extension). The PCR conditions for nirS and nirK amplification were 40 cycles of 1 min at 94°C (denaturing), 1 min at 65°C (annealing), and 1 min at 72°C (extension), followed by a final extension of 3 min at 72°C. The qPCR solutions for nifH-g1, nirS, and nirK were identical to that provided for nifH-universal. Fluorescence was monitored during the extension step for all qPCRs.
Standard curve development. Known quantities of genomic DNA from pure cultures were amplified by using SYBR-Green qPCR to generate a standard curve for each gene target (see Fig. S1 in the supplemental material). Tenfold dilution series were used for each target, and the linear regression of DNA concentration and relative fluorescent units (RFU) at a threshold fluorescence value (C T ) were used to quantify gene targets in soil DNA extracts by comparing the RFU at the C T to the standard curve. To determine the gene copy number used in standard curve generation, DNA extracted from bacterial pure cultures was assessed for quantity and quality by using a spectrophotometer to measure the absorbance at wavelengths of 260 and 280 nm. DNA was quantified as g ml Ϫ1 and converted to gene copy number using published genome sizes and gene copy number per genome in a modified protocol following the approach of ) to determine the molecular mass of a single genome copy (20) , and the known mass of each bacterial genomic DNA extract was converted into the number of genome copies l
Ϫ1
. From 1 to ϳ100 genome copies can be found in each cell depending on growth stage (33, 37) . Due to the variability of A. vinelandii ploidy, we do not recommend quantifying nifH based on cell number using standards derived from the genomic DNA of pure cultures. Accordingly, comparisons in the present study are reported on the basis of gene copy number rather than cell number.
A. brasilense (ATCC 29729) was used to develop the nifH-universal standard curve, the equation for which was determined to be: log nifH gene copies l of soil (dry weight [dw]) Ϫ1 ϭ Ϫ0.0831(C T ) ϩ 3.005 (R 2 ϭ 0.997), where C T is the cycle at which the critical threshold of fluorescence is reached during amplification. The critical threshold was 0.533 RFU for nifH-universal qPCR, the efficiency was 2.588 (129%), and the error was 0.0423. The detection limit was ϳ10 4 log nifH gene copies g of soil
. The nifH-g1 primer specificity was tested by using denaturing gradient gel electrophoresis (DGGE). Amplicons from soilextracted DNA matched banding corresponding to A. vinelandii in DGGE (data not shown).
The nifH-g1 qPCR standard curve was determined to be: log nifH-g1 gene copies l of soil (dw) Ϫ1 ϭ Ϫ0.0564(C T ) ϩ 2.434 (R 2 ϭ 0.997). The critical . The nirS standard curve developed using Pseudomonas aeruginosa PAO1 genomic DNA was: log nirS gene copies l of soil (dw) Ϫ1 ϭ Ϫ0.0819(C T ) ϩ 2.594 (R 2 ϭ 0.998). The nirS standard curve amplification had an efficiency of 1.69 (84.5%), and the error was 0.0929. The critical threshold was 1.19 RFU, and the detection limit was ϳ10 2 log nirS gene copies g of soil Ϫ1 . The nirK standard curve using P. chlororaphis genomic DNA was: log nirK gene copies l of soil (dw) Ϫ1 ϭ Ϫ0.0592(C T ) ϩ 2.529 (R 2 ϭ 0.996). For the nirK qPCR the critical threshold was 1.01 RFU, the efficiency was 1.970 (98.5%), and the error was 0.0418. The detection limit was ϳ10
2 log nirK gene copies g of soil Ϫ1 . Among the four gene targets, there was some variability in PCR efficiency, likely attributable to the presence of inhibitors in the soil-extracted DNA samples.
Experimental design and statistical analysis. The study sites (A and B) each contained 27 treatment plots organized in a completely random design. Our study used only three of the eight original treatments: control (0% thinning), long-term high thinning (90% thinning), and long-term low thinning (30% thinning). The plots used were subject to long-term thinning to maintain constant levels of tree retention for at least 50 years. Three replicate plots were sampled for each treatment with a total of nine samples removed per plot. The samples were pooled by plot, and three subsamples per plot were used in the final analysis to reduce artifacts resulting from microsite heterogeneity in each plot. The clear-cut plots were not part of the original experimental design of the sites and hence are included here for comparative purposes only and were not included in the statistical analysis.
Statistical analysis of gene target abundance was performed by using a maineffects analysis of variance (ANOVA) (site ϫ soil horizon ϫ treatment) with ␣ Ͻ 0.05 using the SAS system for Linux, version 9.1 (SAS Institute, Cary, NC) with the "proc mixed" function. A Tukey test was used for all pairwise comparisons. The Shapiro-Wilks test was used to test normality assumptions of error distributions. Abundance of nifH-universal, nifH-g1, nirS, and nirK targets conformed to assumptions for ANOVA. The residual errors were random and normally distributed around a zero mean. There were no outliers in the abundance of gene targets, as determined by the application of Cook's D statistical analysis of studentized residuals. For comparison of gene target abundance with soil nutrient values, linear regression analysis was performed. The average gene abundance was calculated for each treatment plot from the quantified subsamples and compared to the average nutrient value of the plot.
RESULTS
Soil nutrients. Soil nutrient status was affected by sample date and site location. Total C, OM, total N, and NO 3 -N differed significantly between the January 2007 and June 2008 sampling dates at site A. NH 4 -N and available P were significantly different between the site A and site B June 2008 sampling dates (Table 2) . Tree-thinning levels did not significantly affect nutrient status for any nutrient at either site. Differences were similarly observed in both the organic and mineral soil horizons, although the mineral horizon had a significantly lower amount of all nutrients analyzed in the present study.
Quantification of nitrogen-cycling genes. The effect of thinning on the abundance of nifH-universal, nifH-g1, nirS, and nirK genes in both the organic and the mineral soil horizons was tested using qPCR at the LOGS sites and nearby clear-cut plots at site A (January 2007 and June 2008) and Sayward Forest (June 2008 only) (Fig. 1) . The abundance of nifHuniversal was significantly affected by season and site location (P Ͻ 0.001) (Fig. 1a) . The mean abundance ranged from 5.03 to 8.12 log gene copies g of soil Ϫ1 , corresponding to site B clear-cut on June 2008 and the organic horizon of the 30% thinning treatment at site A in January 2007, respectively. Soil horizon and thinning had no significant effects on nifH-universal abundance. Variability of the nifH-universal data set was generally higher than the other gene targets used in the present study. The standard error ranged from 0.06 to 1.12 log gene copies g of soil Ϫ1 , corresponding to the organic horizon of the 30% thinning treatment at site B in June 2008 and the Shawnigan Lake clear-cut in June 2008, respectively.
The quantification of nifH-g1 revealed significant effects of sampling site and season (P Ͻ 0.001) and thinning (P ϭ 0.024) and a significant site-horizon interaction (P Ͻ 0.001) (Fig. 1b) ). Although soil horizon was significantly different within each sampling season, it was not significantly different (P ϭ 0.054) when the data were pooled for statistical analysis. The effects of thinning on nifH-g1 abundance were unclear, since only site B in June 2008 differed significantly due to thinning; the 30% thinning treatment had a significantly (P ϭ 0.033) greater nifH-g1 abundance than the control treatment. The standard error of the mean (SEM) ranged from 0.06 to 0.40 log gene copies g of soil Ϫ1 for the organic horizon of the control treatment at site A site in January 2007 and the mineral horizon at the 30% thinning treatment at site A in June 2008, respectively. The means nifH-g1 abundances ranged from 2.10 to 3.74 log gene copies g of soil Ϫ1 , which corresponds to the site A clear-cut in January 2007 and the mineral horizon of the 90% thinning treatment at site B in June 2008, respectively.
Site and horizon both significantly (P Ͻ 0.001) influenced nirS abundance (Fig. 1c) . Significant site-by-treatment and horizon-by-treatment effects were observed, most notably in site B, where the control treatment had significantly greater nirS abundance than the 90% (P ϭ 0.013) and 30% (P ϭ 0.026) thinning treatments. In the site B mineral horizon, the mean Ϯ SEM of the control treatment was 5.55 Ϯ 0.23 log nirS gene copies g of soil Ϫ1 , whereas the abundance of nirS in the 30 and 90% thinned plots was 4.35 Ϯ 0.15 and 4.56 Ϯ 0.13 log nirS gene copies g of soil Ϫ1 , respectively. However, there were no clear trends that would indicate that tree thinning significantly reduces nirS levels in Douglas-fir forest soil.
Site and horizon had significant (P Ͻ 0.001) effects on nirK abundance (Fig. 1d) . A clear pattern of nirK abundance unfolds in the organic horizon. Site B, which had a greater productivity and lower NO 3 -N values, had significantly fewer nirK genes g of soil Ϫ1 than the organic horizon of all treatments in the less productive site A. In the mineral horizon, however, no differences were noted between sites. A significant site-horizon interaction (P Ͻ 0.001) was also observed. The nirK assay had lower variability than either of the nifH quantifications. The mean nirK abundance ranged from 4.70 to 7.05 gene copies g of soil Ϫ1 for the organic horizon in the control treatment plot at site B and the control treatment and the mineral horizon of the control treatment plot at site B. The SEM ranged from 0.08 to 0.62 log nirK gene copies g of soil Ϫ1 for the mineral horizon of the control treatment at site B and the organic horizon of the control treatment at site B, respectively. The numbers of nirS and nirK gene copies were strongly correlated in both organic and mineral horizons of site A soil ( Relationships between soil nutrients and nitrogen-cycling genes. Correlation-regression analysis was performed on the abundance of nifH-universal, nifH-g1, nirS, and nirK gene targets and the amounts of organic and total C, as well as the organic and total N, in the soil for both the organic (Table 4) and mineral (Table 5 ) soil horizons. The abundance of nifHuniversal did not correlate significantly with any soil nutrient in the organic horizon. In the mineral horizon there were weak correlations of nifH-universal abundance with OM and total N when data were pooled by sampling point. The nifH-g1 target correlated significantly with OM, total C, and total N. For each soil nutrient, nifH-g1 abundance correlated at both sites and dates except OM, which did not correlate with nifH-g1 at site A (January 2007) sampling. Total C in particular had a strong (R 2 Ͼ 0.5; P Ͻ 0.05) relationship with nifH-g1 at both sites. The nifH-g1 target correlated strongly with OM at site B (June 2008), with total N at site A (June 2008), and with NH 4 -N at site A (January 2007). The nirS gene abundance correlated significantly with OM, total C, and total N in the mineral horizon of site A soil only. The abundance of nirK correlated strongly with OM, total C, and total N in the mineral horizon of both sites.
DISCUSSION
Quantification of nifH genes. The quantification of nifH was not based on cell number, as is typical of culture-based (e.g., most probable number) or visualization-based (e.g., fluorescence in situ hybridization) assays, or even some qPCR protocols (20, 38) . Relative quantification is also used in many qPCR studies, although due to the lack of normalization it cannot be compared between datasets. We chose a gene-centric approach for two reasons: (i) the plasticity of the A. vinelandii genome precluded a cell-based assay for this target, and (ii) we wanted to maintain the ability to compare the assays conducted within the present study (e.g., nifH-universal versus nifH-g1) as well as assays used in other studies and datasets. A nested protocol was used for quantification nifH using a universal primer set. Real-time PCR quantifies gene copies based on fluorescence during the exponential phase of amplification. To increase the sensitivity, a nested approach is used, whereby a larger gene target is first amplified in an initial conventional PCR, with a secondary PCR amplifying a short sequence within the initial amplicon. The shortcomings of this method may include increasing the likelihood of PCR bias by increasing the number of amplifications. However, nested realtime PCR has successfully been used previously to quantitatively detect Mycobacterium tuberculosis DNA (49, 50) and qualitatively detect Aspergillus DNA (19) in clinical samples, as well as Helminthosporium solani ITS DNA from soil (12) .
We compared a broad-ranging primer set in a nested PCR for nifH-universal amplification (56) with a taxon-specific nifH protocol (6) . The abundance of the nifH-g1 target was considerably less than the total nifH-universal abundance, accounting for up to 10% of the total nifH community. Some caution is warranted in interpreting this estimate. Although a chemical flocculent was used to counter the inhibitory effects of humic soil substances, high efficiency noted for the nifH-universal amplification could reflect the presence of residual inhibitors that would in turn bias the nifH-universal measurement. As previously shown (6), the nifH-universal primer set amplified genes of Rhizobium phaseoli, Sinorhizobium meliloti, R. tropici, Clostridium pasteurianum, A. vinelandii, Pseudomonas stutzeri, R. leguminosarum, Paenibacillus azotofixans, and Nostoc muscorum. It did not amplify nifH genes of Frankia sp., Azoarcus communis, or A. brasilense. The latter result is contradicted by our phylogenetic analysis after nifH-universal PCR-DGGE, where the majority of amplified targets were highly homologous to A. brasilense nifH sequences (unpublished data). The nifH-g1 primer set was shown to weakly amplify P. azotofixans and Frankia genes in addition to preferential amplification of A. vinelandii and A. chroococcum genes (6) . Despite the potential for minor amplification of nontarget nifH sequences, the nifH-g1 melting curves matched A. vinelandii-positive controls (unpublished data).
We hypothesized a decrease in microbial functional groups from soil in clear-cut plots due to the disturbance and removal of the organic LFH horizon, and we expected that the retention of a functional leaf litter horizon in thinned plots would preserve functional gene abundance in Douglas-fir forest soil. Symbiotic N 2 -fixing bacteria are active primarily in the organic leaf litter soil horizon. Acetylene reduction assays have shown that nitrogen fixation in a Scots pine forest ranged from 0.007 Ϯ 0.002 to 0.342 Ϯ 0.042 nmol of C 2 H 4 g (dw)
Ϫ1 h Ϫ1 in the A o horizon, depending on the season, moisture, organic material, and soil depth (17) . Mineral horizon acetylene reduction ranged from 0.009 Ϯ 0.004 to 0.002 Ϯ 0.001 nmol of C 2 H 4 g (dw)
Ϫ1 h Ϫ1 (17) . In the present study there were no significant differences in nifH gene copies between soil horizons ( Fig. 1a and b) . However, correlations between soil nutrient values and nifH-g1 gene copy number were stronger in the organic horizon, indicating that the asymbiotic N 2 -fixing bacteria monitored here greatly influenced their habitat in this niche. In N-limited natural ecological systems these relationships are important for ecological functioning and thus require a greater degree of understanding. In addition, qPCR does not differentiate between active, dormant, and dead cells, nor does it provide information on the activity levels of N 2 -fixing bacteria or nifH gene expression. Bürgmann et al. developed a protocol for monitoring nifH-g1 expression in A. vinelandii inoculated liquid and soil culture (5). These authors showed that expression can be correlated with nitrogenase activity, while neither is indicative of cell density of N 2 -fixing bacteria. The application of this protocol to monitor in situ N 2 -fixing populations will greatly assist the elucidation of the effects of environmental disturbance on diazotrophic activity. The loss of diazotrophic communities may limit the available N in forest soil. Granhall (16) hypothesized that the removal of organic material during clear-cutting would have adverse effects on the sustainability of diazotrophic populations due to the links between soil organic material and diazotrophic activity. Clear-cutting removes nifH gene pools (46) . In the present study we have shown that although clear-cutting can reduce nifH gene abundance (Fig. 1) , it does not completely remove the gene from the soil ecosystem. Thus, the removal of the organic horizon during harvesting and the subsequent loss of diazotrophic activity are thought to be of greatest consequence in the loss of ecosystem functioning in harvested plots.
Quantification of nirS and nirK genes. The nirS (3) and nirK (8) protocols were based on the P. aeruginosa (ATCC 47025) and P. chlororaphis (ATCC 13985) nucleotide positions, respectively. Quantitative and melt-curve analysis using qPCR revealed a lack of nontarget positive fluorescence and no detectable primer self-complementation. We found that the nirS and nirK primers performed robust and specific amplification of target DNA in thinning and clear-cut plots.
Site was a major influence for the abundance of nirS and nirK genes; their ratio correlated in a linear fashion at the drier Shawnigan Lake site but did not correlate well at the wetter Sayward Forest site. This finding parallels the meta-analysis of Jones and Hallin (23) , who hypothesized that nirK and nirS communities may respond differently to environmental gradients. Unlike nirK, there were significantly fewer nirS gene copies in the thinned treatments at site B. Site clearly affected the abundance of nirK in the organic horizon of thinned plots and in soil in clear-cut plots (Fig. 1d) . Clear-cutting can affect denitrifier abundance due to alterations in nutrient status, soil temperature, oxygen content, soil moisture, and pH (53) . Site B had a higher productivity than site A and yet had significantly fewer nirK gene copies g of soil Ϫ1 . This can partially be explained by the significantly lower amount of nitrate available in the soil at site B ( Table 2 ). The lack of differences between sites in the mineral soil horizon is likely due to the lack of significant differences in concentrations of organic and total C, total N, ammonium, and nitrate.
Correlations between nirS and nirK abundance and soil nutrients in the thinning plots further elucidate the interactions between gene copy number and soil nutrient status. The nirS and nirK genes both catalyze the reduction of nitrite to nitric oxide. These genes do not appear together in the same strain (10) and do not demonstrate any functional differences. Although there is no obvious relationship between these genes, they exhibited a close linear relationship at site A in both soil horizons (Fig. 2) . Again, some caution is warranted when interpreting the slope of this trend, because the lower efficiency noted for amplification of nirS may indicate the presence of residual inhibitors that could bias that measurement. Above a threshold of available substrate, denitrifying bacteria can facultatively switch to nitrite reduction in the absence of oxygen. These results indicate that organisms containing nirS and nirK react in a similar manner to differences in the available nitrite levels in the soil analyzed in the present study.
Relationships between soil nutrients and nitrogen-cycling genes. A previous study of agricultural soils has shown a relationship between soil chemistry and the abundance of nifH, nirS, and nirK fragments (36) . In the present study, the majority of relationships between soil nutrients and nitrogen-cycling genes tested did not produce significant correlations (Tables 4  and 5 ). However, two important patterns emerged following regression analysis in our study that provide insight into the relationships between nitrogen-cycling functional gene abundance and soil nutrient status: (i) nifH-g1 primarily correlated with soil C and N in the organic horizon, and (ii) nirK primarily correlated significantly with soil C and N in the mineral horizon. The abundance of the nifH-g1 gene and the nirK gene showed high levels of correlation with soil nutrient values. Correlations between nifH gene abundance and soil nutrient concentrations were primarily found in the organic soil horizon. This was expected, since N 2 fixation primarily occurs in this horizon in forest soil.
In previous studies, the effects of C and N quality and quantity on nitrogen fixation have been inconsistent. In general, the availability of labile C stimulates N fixation (7, 26, 27) , although not always (25) . Nitrogen fixation can also be inhibited (51) or stimulated (40) by available N in the soil. We found that nifH-g1 gene abundance increased when OM, total C, and total N declined. As OM increased from 46 to 83%, nifH-g1 gene copies g of soil Ϫ1 decreased from log 3.39 to log 2.13. Similar relationships were observed with total C and total N. We hypothesize that the fixation of N 2 made available organic N that facilitated the breakdown of soil organic material by fungal and bacterial communities. N 2 fixation is linked to the activity of decay fungi, specifically white-rot fungi, and may act as a catalyst for interlinking ecological events such as litter breakdown (16, 52) . Further study is required to test these hypotheses.
The nirS and nirK qPCR protocol used in the present study also shows potential for relating ecological functioning to functional gene abundance. Rates of denitrification are highly correlated with soil OM (4). The nirS gene was significantly correlated with OM, total C, and total N in the mineral horizon soil samples from site B. Correlations between nirK abundance and OM, total C, and total N were detected in the mineral horizon at both sites. The strong relationships between nirS and nirK and soil nutrients in the mineral horizon were unexpected, since denitrification predominates in the organic soil horizon (29) , and it was therefore hypothesized that the nutrient values in the organic horizon would be coupled to nirK abundance with higher levels of correlation than in the mineral horizon. Denitrification rates in forest soil are influenced greatly by several environmental factors, including temperature and water content (32) . The nature of the relationships between nirS and nirK gene abundance and soil temperature and moisture are currently unknown, although these factors may have greater influence at the upper soil horizons, leading to the differences observed in the present study.
One fundamental objective of the present study was to assess tools for researchers and forest managers to better understand the effects of thinning and clear-cutting on the abundance N 2 fixers and denitrifiers and to elucidate the interactions between To do this, we applied qPCR protocols for nifH-universal, nifH-g1, nirS, and nirK quantification from previously designed PCR primer sets and developed standard curves for their use. We showed that retention of as little as 10% of the tree volume of an unthinned control stand would not significantly reduce nifH, nirS, and nirK abundance in most cases. However, reductions in N-cycling genes were observed in the clear-cut plots of both sites, and nutrient levels were greatly reduced due to the removal of the organic horizon from these soils. Strong correlations between nifH and soil C and N in the organic horizon, as well as between nirS, nirK, and soil C and N in the mineral horizon demonstrate the functional relationship between gene abundance and soil nutrient status. The retention of the soil organic leaf-litter horizon, where the majority of nutrient-cycling events take place in forest soil ecosystems, contributes greatly to the preservation of a functioning soil ecosystem.
